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Abstract— To be able to evolve fuel and structural 
microstructure within a nuclear power reactor in an engineered 
manner, an effective extreme environment sensor must exist.  
The development of sensor technology for nondestructive and 
nonintrusive measurements in harsh environments is a very 
active field.  However most of the effort has been in adapting 
existing sensing technology to meet the harsh environmental 
requirements.  A different approach is being presented.  The 
fundamental question that we are trying to answer is how do we 
take advantage of the harsh environment and maintain synergy 
between the sensor and the environment.  This paper will 
discuss the synergistic sensor being developed that takes 
advantage of harsh environments. 

Index Terms—Sensor, acoustics, thermoacoustics, synergistic, 
microstructure, fission gas, nuclear, nondestructive, wireless, 
thermal, self powered.  

I. INTRODUCTION  
Advancing the Nuclear Fuel Cycle and Next Generation 

Nuclear Power Plant requires enhancing our fundamental 
understanding of fuel and materials behavior under 
irradiation. The two most critical issues limiting the 
performance and lifetime of the fuel are the degradation of the 
thermal conductivity of the fuel and the mechanical integrity 
of both the fuel and cladding.  

To better understand thermal conductivity we must have 
the means to perform high fidelity in-core fuel temperature 
measurements.  Several technology barriers exist for 
implementation of sensors into reactor vessels, especially if 
near core in high neutron flux regions.  To overcome these 
barriers the devices must include: 1) high temperature durable 
materials and sensors that can operate up to 1100 oC; 2) 
Radiation hardened materials and electronics; and 3) Wireless 
communication methods compatible with harsh environments.  
Wireless RF signals encounter large attenuation through the 
coolant medium and much backscatter/noise from the reactor 
vessel housing. Thus Novel data transmission methods will be 
required to expand the transmission range and data rate of 
communication with in-situ sensors.  

To better understand mechanical integrity of the fuel we 
must have the means to perform nondestructive analysis of 
the material. An efficient fuel must have the right 
microstructure within the reactor to perform properly.  It is 

proposed that the evolution of defects in microstructures can 
change the overall material porosity.  This research 
demonstrates that changes in porosity can be detected with the 
thermoacoustic effect and remotely monitored as a change in 
acoustic resonance frequency.  Microstructure changes in fuel 
can be monitored directly by sensing changes in porosity or 
indirectly by monitoring fission gas release.  Initial 
experimentation has been performed using surrogate 
materials, representative of fuels/cladding, with precisely 
controlled porosity.  Preliminary experiments have also been 
performed using different gasses and pressures within the 
sensor.  The effects of porosity on heat transfer and 
mechanical integrity can then be further studied and used as 
the basis for better understanding the thermo mechanical 
performance of the fuel.   

Instead of pursuing the adaption of existing technology, it 
was decided that a paradigm shift was necessary to develop 
effective sensors for the harsh nuclear environment.  The 
fundamental question that should drive sensor design is how 
the harsh environment can be used to the sensors advantage.  
Instead of working against the environmental conditions, how 
can the sensor be synergistic and take advantage of its 
environment as well as Mother Nature.  

This research introduces a thermoacoustic (TAC) [1, 2] 
sensor that enables both high temperature and porosity 
sensing capability within a nuclear environment.  The TAC 
requires no mechanical pump, moving parts, or external 
power source to provide a wireless indication of temperature.  
TAC sensors work synergistically with harsh in-pile 
environments and can potentially be incorporated within 
current cladding and capsule designs for in-pile use. The 
sensor is self-powered by the temperature differential between 
the fuel and the coolant.   

Since the thermoacoustic device can be constructed from 
robust materials and has no moving parts, thermoacoustic 
devices are ideally suited for the hostile conditions within a 
reactor.  

II. GENERAL THEORY OF OPERATION  
Thermoacoustics can be defined as the generation of 

acoustic waves from heat transfer.  A TAC engine, which 
produces acoustic energy at a specific pitch, consists of heat 



sources and sinks, resonator, and “stack” (i.e., a porous 
medium that mediates the conversion of heat flow to sound) 
as shown in Figure 1.  The heat sources and sinks provide the 
thermal gradient necessary to generate the acoustic wave and 
pumps a jet due to acoustic streaming [2] within the working 
fluid.   The resonator provides the confinement and feedback 
to generate pressure oscillations. This effect is analogous to 
the optical laser [1].  

Fig. 1.  The TAC heat pump is powered by the temperature differential 
across the stack.  In this embodiment, the stack is Celcor®, a ceramic 
material, usually used as a substrate for automotive catalytic converters, with 
1,100 parallel square pores per square inch.   

 
The thermoacoustic engine converts heat from a high-

temperature source into acoustic power, while rejecting waste 
heat to a low-temperature sink (i.e., coolant).  When the 
acoustically-driven gas moves through the stack, the pressure, 
temperature, and position of each gas parcel oscillates with 
time at the resonance frequency.  When the gas is enclosed 
within a resonator tube, sound bounces back and forth that 
creates an acoustic standing wave.  The temperature variation 
imposed on the stack drives heat into the gas forcing it to do 
work on its surroundings and amplifying the acoustic 
oscillations.  Each parcel of oscillating gas takes heat from the 
one behind and transfers it to adjacent gas molecules; 
effectively acting as a heat exchanger.  Maintenance of the 
steep thermal gradient required to induce thermoacoustic 
operation requires an external source of power.  For 
laboratory testing, the TAC device is powered by an 
electrically-resistive NiCr heater element, but in a reactor 
environment fuel will be used as the power source. 

III. EXPERIMENTAL PLAN 
Testing for direct and indirect measure of microstructure 

will be performed.  The direct measure of microstructure will 
be performed by inserting porosity specimens into the TAC’s 
resonance cavity within the hot section.  The porosity 
specimens consist of a honey combed steel puck that has been 
immersed in wax.  The wax blocks the pores making a non-
porous specimen.  When the specimen is placed in the TAC 
sensor, the wax melts and runs out of the porosity specimen.  
Resulting modulation to the acoustic signal will be evaluated.   

The indirect measurement of microstructure will be 
simulated by filling the resonant cavity with different gasses.  
Thermal acoustics can be used to measure gas composition 
[3-5].  In fact, the most precise value for the Universal Gas 
Constant was determined from the measurement of acoustical 
resonances at the National Institute of Standards and 
Technology [6].  It is proposed that future advanced TAC 
designs will be optimized to measure the rate of production of 
fissile gases krypton and xenon which are influenced by 
microstructural changes [7].   

For different gases, the speed of sound is inversely 
dependent on square root of the mean molecular weight of the 
gas, and affected to a lesser extent by the number of ways in 
which the molecules of the gas can store heat from 
compression, since sound in gases is a type of compression.  
In low molecular weight gases, such as helium, sound 
propagates faster compared to heavier gases, such as xenon.  
For a given ideal gas, the sound speed depends only on its 
absolute (Kelvin) temperature.  At a constant temperature, the 
ideal gas pressure has no effect on the speed of sound, 
because pressure and density (also proportional to pressure) 
have equal but opposite effects on the speed of sound and the 
two contributions cancel out exactly.  Experiments were 
performed with nitrogen, helium, xenon, and atmospheric air. 

IV. RESULTS AND DISCUSSION 
The initial results from the wax porosity measurements 

are looking promising.  The direct porosity results are shown 
in Fig. 2.  The salient phenomenon demonstrated in this graph 
is that the movement of the melting wax perturbed the cavity 
such that the sonic resonance was extinguished.  Once the 
melted wax stopped flowing the sonic resonance started back 
up but at a slightly higher frequency.  The theory to describe 
the changes in the cavity is under development.   

Fig. 2.  Plot shows the acoustic frequency of the porosity specimen with 
time.  As the porosity specimen heats up, the wax melts.  The flowing wax 
keeps the TAC sensor from resonating and the signal drops out near 15 Sa.  
Once the liquid wax has finished flowing, the cavity is stabilized and the 
sound resonates again at a slightly higher frequency.   

 
The simulated fission gas experiments are also promising 

as shown in Fig.3.  Experimental results validated that 
resonance frequency is directly correlated to the mean 
molecular mass of the gas. Varying the gas density of the 
TAC resulted in changes in the pitch and the amplitude of the 
sound radiated based on the molecular weight of the gas.  
Although “dry” air has a molecular weight larger than 
nitrogen, the presence of humidity in the air dropped the 
average molecular weight below nitrogen.  Thus the TAC 
sensor can also be a humidity sensor if properly configured. 



V. CONCLUSIONS 
A novel sensor based on the Thermal Acoustic 

phenomena has been presented.  The TAC sensor is shown to 
be synergistic with Mother Nature within a nuclear reactor.  
TAC technology takes advantage of the large thermal 
gradients caused by the nuclear fuel and surrounding cooling 
water.  Because the phenomenon is simplistic and has no 
moving parts, the sensor can be constructed from inexpensive 
yet robust materials.  The signal generated is acoustic and 
thus is transmitted easily through the cooling water or metal 
pipes/structures within the reactor.   

The experiments performed were designed to demonstrate 
the microstructure testing potential of the TAC sensor.  Two 
types of microstructure monitoring have been tested.  Direct 
monitoring of pores opening and indirect measure of porosity 
from fission gas release have been demonstrated. 

Fig. 3.  Plot showing the experimental results which validate that 
resonance frequency is directly correlated to the mean molecular mass of the 
gas.  The resulting frequencies are properly ordered based on molecular 
weight.  

 
The TAC sensor has been demonstrated to monitor the 

opening of pores as the filler material melted and drained.  

The TAC sensor also detected a change in the final state of 
the resonant cavity.  The TAC sensor properly ordered based 
on molecular weight and differentiated these gasses: nitrogen, 
helium, xenon, and atmospheric air.  The TAC sensor has 
sufficient fidelity to clearly differentiate between nitrogen and 
atmospheric air.  Since the TAC sensor is robust, wireless, 
self-powered and economical, the TAC sensor is an excellent 
choice for in-pile monitoring within a nuclear reactor. The 
TAC sensor has high potential because it is in harmony with 
nature. 
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